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We report on measurements of quantized conductance in gate-defined quantum point contacts in
bilayer graphene, which show ballistic transport with spin polarized conductance of 6 e2/h at high
in-plane magnetic fields. At the crossings of the Zeeman spin-split subbands of opposite spins, we
observe signatures of interaction effects comparable to the 0.7 analog. At zero magnetic field the
situation seems to be more complex as the first subband is already splitted with a gap that is close to
the expected value for a subband-splitting due to spin-orbit coupling in bilayer graphene, and which
can be tuned from 40 to 80 µeV by displacement field. Our results suggest that at zero magnetic
field there is an interesting interplay between spin-orbit coupling and electron-electron interaction.
Bilayer graphene (BLG) represents an interesting plat-
form for mesoscopic transport and quantum devices. The
possibility of tuning the low-energy electronic bands with
a perpendicular electric field is unique to this material [1],
which allows to open a band gap [2, 3], to modify band
curvatures, and to change the topology of the Fermi sur-
face [4]. As all of this is controlled by external electro-
static gates, it is possible to implement soft-confined one-
dimensional channels and quantum dots, where most of
the states in BLG are fully depleted. Recent technolog-
ical advancements – mostly based on the encapsulation
of BLG in hexagonal boron nitride (hBN) and on the use
of graphite gates – have enabled the observation of spin
and valley states in BLG quantum dots [5–7] and of quan-
tized conductance in gate defined quantum point contacts
(QPCs) [8–11]. BLG is also interesting for spintronics
applications [12–14] because of its weak hyperfine and
spin-orbit interaction [15–19]. Spin-orbit coupling (SOC)
is indeed expected to open a gap of only a few tens of µeV
in the low energy spectrum of graphene and BLG [19–23].
Recent resonance-microwave measurements on graphene
on SiO2 give a SOC induced gap around 40µeV [24].
Probing such small energies by transport is challenging
but becomes more feasible when having comparable
energy scales in the system, such as small subband
spacings in QPCs. In addition, small subband spacing
energies enable crossings of spin-split subbands in par-
allel magnetic fields allowing to observe ballistic spin-
polarized transport as well as spin-driven interaction ef-
fects such as the 0.7-analog earlier observed in GaAs
QPCs [25–27].
In this Letter, we report on the observation of highly
spin-polarized currents in a quantum point contact
(QPC) in BLG. By studying a wide QPC with low sub-
band spacings (0.3-0.5 meV) and comparably large Zee-
man energy we are able to observe the crossings of spin-
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FIG. 1. (a) Schematic illustration of the device highlighting
the hBN/BLG/hBN heterostructure and the various gates.
(b) Four-terminal conductance as function of VF1 for differ-
ent displacement fields showing steps at multiples of 4 e2/h.
(c) Finite bias spectroscopy measurements. Different curves
correspond to different values of VF1, ranging from -9.4 to -
10.6 V. A clustering of traces at multiples of 4 e2/h is visible
at low bias voltages, vanishing at high bias. (d) Conduc-
tance through two QPCs in series separated by 260 nm. The
conductance is quantized in multiples of 4 e2/h and depends
solely on the QPC with the lowest number of occupied modes.
split subbands of opposite spins leading to a regime with
six fully spin-down polarized modes at high in-plane mag-
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FIG. 2. (a) Conductance as function of VF1 for in-plane magnetic fields, B‖ between −2 and 6 T. Plateaus at 2, 6 and 10 e2/h
appear. (b) Schematic illustration of the spin splitting of the first three subbands as function of in-plane magnetic field. (c)
Transconductance dG/dVF1 as function of VF1 and B‖. At the points marked by the black dots, the Zeeman energy matches
the subband spacing. The rotated square indicates the point where the spin-up states of the first subband cross the spin-down
states of the third one, see schematics in panel (b) (d) Energy difference ∆E1,n between the first and the nth subband (n ≤ 5),
for different displacement fields. The squared data points originate from finite bias spectroscopy and the round data points
from the analysis of the Zeeman splitting, taking ∆E1,n =
∑n−1
i=1 ∆Ei,i+1. The purple data points are extracted from the data
of panel (c). The rotated square represents the energy difference ∆E1,3 as extracted from the position of the rotated square in
panel (c).
netic fields. The low subband energies and high energy
resolution also allows for the observation (i) of signatures
of electron-electron (e-e ) interaction at finite magnetic
fields (related to the 0.7-analog [25–27]) as well as (ii) of
indications of SOC, appearing as a feature at 2 e2/h due
to the splitting of the first subband of the QPC at zero
magnetic field.
Our device is based on dry-transferred BLG, encapsu-
lated into hBN and placed on a graphite back gate, see
Fig. 1(a). We use the combination of two Cr/Au split
gates (SG) and the graphite back gate (BG) to apply a
perpendicular electric displacement field, D, that opens
up a band gap and depletes large parts of the BLG, defin-
ing a quasi-1D channel with a width of around 250 nm,
connecting source and drain contacts. In addition, we
place 200 nm wide finger gates across the channel to lo-
cally tune the Fermi energy and thus the number of open
modes in the channel [28]. This forms a QPC below each
finger gate. An atomic force microscope image of the
device is shown in Fig. 1 of Ref. [6].
We perform transport measurements in a He3/He4 di-
lution refrigerator at a temperature below 30 mK, us-
ing standard lock-in techniques. The four-terminal con-
ductance as function of finger gate voltage VF1 [29] fea-
tures well-developed plateaus at 4, 8, 12 and 16 e2/h
for displacement fields ranging from 0.22 to 0.3 V/nm,
see Fig. 1(b). The 4 e2/h step-height indicates four-fold
degeneracy (two-fold spin and two-fold valley) and near
unity transmission through the QPC. Complete current
pinch-off is observed for large D-fields, i.e. large band
gaps in the BLG. Reducing the displacement field in-
creases the leakage current below the split gates, which
leads in turn to an increase in the minimum conductance.
Nevertheless, the height of the conductance steps remains
nearly unaffected at 4 e2/h. The near unity transmission
through the QPC can be demonstrated more explicitly
by using the second finger gate (F2), i.e. a second QPC
placed 260 nm next to the first one, see Fig. 1(a). The
conductance of the device as function of both gate volt-
ages VF1 and VF2 shows well-developed steps of multiples
of 4 e2/h and depends only on the QPC with the low-
est number of open modes, Fig. 1(d). This observation
proves that the two QPCs have unity transmission and
that the charge carriers travel ballistically through both
QPCs, not thermalizing in between them.
To estimate the subband energy spacings of the quasi-
1D system we perform finite bias spectroscopy measure-
ments. Fig. 1(c) depicts the four-terminal differential
conductance through the QPC in units of e2/h as func-
tion of the DC bias voltage, Vb, applied between the
source and the drain contact (see Fig. 1(a)) for different
VF1 at a fixed displacement field of 0.32 V/nm. The con-
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FIG. 3. (a) Zoom of Fig. 2(a) around the first conductance
step and low B‖, showing the presence of a shoulder at 2e
2/h
even at B‖ = 0. (b) Transconductance as function of VF1
and B‖. The dashed lines mark the evolution of the spin up
(white) and spin down bands (black) of the first subband. (c)
Extracted energy gap ∆ as function of the displacement field.
ductance traces bunch at multiples of 4 e2/h for low bias
voltages. At higher bias the plateaus smear out revealing
energy spacings around 0.3 meV, 0.4 meV and 0.5 meV
for the first three subbands (see Supplementary Material
and below). These energies are a factor 10 smaller than
what reported in Ref. [10], because of the large size of our
device. Using a hard-wall confinement model for the low-
est subband spacing, ∆E1,2 = 3~2pi2/(2m∗W 2), where
m∗ = 0.033me is the effective carrier mass in BLG (me
is the electron mass), we estimate the width of the QPC
to be W ≈ 330 nm. This value is in reasonable agreement
with the lithographic channel width of 250 nm.
We investigate the spin structure of the subbands by
studying the evolution of the conductance steps as func-
tion of an in-plane magnetic field, B‖. In Fig. 2(a),
the conductance is shown as a function of VF1 for fixed
B‖-fields ranging from −2 to 6 T. Plateaus at 2, 6, and
10 e2/h emerge with increasing magnetic field (see black
arrows in Fig. 2(a)), indicating the lifting of the spin de-
generacy of the subbands (see Fig. 2(b)). In Fig. 2(c),
we plot the transconductance, dG/dVF1, as function of
both VF1 and B‖. The data reveal splittings of all sub-
bands as seen by the negative and positive slopes of
spin-up and spin-down bands. Because of the small en-
ergy scales of our device, the Zeeman energy matches
the subband spacing energy already for magnetic fields
between 2 and 4 T, resulting in the crossing of the
spin-up bands with the spin-down bands of the next
higher subband (crossings are marked by black dots in
Figs. 2(c,b)). The feature independent of B‖ in Fig. 2(c)
corresponds to the spin-down states of the first subband
, which are locked to a finger gate voltage slightly above
VF1 = −10.6 V because of quantum capacitance effects.
For |B‖| > 5.8 T the spin-up states of the first subband
cross the spin-down states of the third subband, giving
rise to a regime with six fully spin-down polarized modes
(G ∼ 6 e2/h; see black arrow in Fig. 2(c)) – an unprece-
dented high-polarization, making such QPCs interesting
for spin polarizers and detectors in ballistic spin trans-
port devices [30].
From the data of Fig. 2(c) we can also determine
the energy spacing between two neighboring subbands,
∆En,n+1. At the intersections of the spin-up and spin-
down states of adjacent subbands, the Zeeman energy
∆EZ = gµBB‖ is equal to the spacing of the two sub-
bands. Using the fact that in graphene and BLG the
Lande factor is g ∼ 2 [31, 32] (as confirmed also by
direct measurements on our device, see Supplementary
Material), we determine the subband spacing ∆En,n+1
at B‖ = 0. The values determined in this way agree
well with those extracted from finite bias measurements
(compare gray squares and purple circles in Fig. 2(d)).
The energy difference ∆E1,3 extracted from the position
of the rotated square in panel (c) coincides with the sum
∆E1,2 + ∆E2,3, further confirming the consistency of the
method.
We can investigate the dependence of the subband
spacing on displacement field D by performing measure-
ments as those shown in Fig. 2(c) but for different VSG-
VBG configurations (see Supplementary Material). The
energy spacings between the subbands appear to be in-
dependent of the applied displacement field within the
margin of the scattering of our data, see Fig. 2(d). This
indicates (i) that the electronic width of the transport
channel is not strongly affected by the different stray-
field contributions at different VSG values, and (ii) that
the BLG low-energy subband structure does not change
appreciably when the band gap increases from ≈ 15 to
35 meV [33].
The data of Fig. 2(c) reveal also the existence of fea-
tures related to e-e interaction. The discontinuous be-
haviour of dG/dVF1 at the Zeeman crossings (see labels
α, β) – only appearing for the spin-up states – indicate
that e-e interactions give rise to a spontaneous spin split-
ting [25–27]. This leads to a spin-driven conductance
anomaly, known as 0.7-analog earlier observed in GaAs-
based QPCs [25]. Although the 0.7-analog is directly
connected to the 0.7 anomaly [27, 34], we do not observe
any feature at B‖ = 0 around 4×0.7 e2/h, but rather one
at 2 e2/h, which is nearly unaffected by in-plane magnetic
field. A close-up of Fig. 2(a) around the first conductance
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FIG. 4. (a,b) Transconductance dG/dVF1 as function of VF1
and B⊥ for two different values of the displacement field.
(c,d) Single-particle model calculations of dG/dVF1 based
on the phenomenologically SOC parameters λlo = 40µeV and
λup = 80µeV (panel c) and λlo = λup = 40µeV (panel d).
The K-valley states are highlighted by dashed blue lines, and
the K’-valley states by solid orange lines. They reveal an
interesting texture, where the spin-valley coupling enhances
the Zeeman splitting in one of the valley (diverging blue lines)
but it suppresses in the other one (converging orange lines).
The gray-scale background shows an approximation for the
differential conductance obtained by gaussian smearing.
step and at low B‖ is shown in Fig. 3(a).
The presence of the 2 e2/h-feature indicates the energy
splitting of the first subband atB‖ = 0. This splitting ap-
pears also clearly in transconductance data such as those
of Fig. 2(c) and Fig. 3(b). The analysis of the subband
spacing performed above allows us to associate an esti-
mated energy scale to the splitting of the lowest subband,
∆, extracted from the transconductance data (see Sup-
plementary Material). Performing this type of analysis
for different values of the displacement field, we obtain
values of ∆ that range from 40 to 80µeV, with a nearly
linear dependence on the D-field in the observed param-
eter range, see Fig. 3(c). This energy scale (together
with the 2 e2/h step) agrees well with what is expected
for the SO gap in graphene and BLG [19–23], and with
the experimental value determined by Sichau et al. for
graphene on SiO2 [24]. The SOC in BLG is expected
to be slightly enhanced by proximity effect when BLG is
placed on hBN [35, 36]. The observed dependence of ∆
on the displacement field can be explained either (i) by
an interplay between SOC and e-e interaction or (ii) by a
tunable SOC induced gap due to a layer dependent prox-
imity effect that sensitively depends on the microscopic
details of the interfaces between BLG and the hBN layers
enhancing ∆. We speculate that the missing 0.7-feature
at low magnetic field can be explained by a small e-e in-
teraction (' 1 − 10µeV) such that the SOC dominates
over the interaction. At finite in-plane magnetic fields
with B‖ ' 2− 3 T, the Zeeman effect quenches the SOC
interaction and the e-e interaction becomes relevant at
the first subband crossing leading to the 0.7-analog.
Figure 4(a,b) shows the transconductance as function
of out-of-plane magnetic field, B⊥, and finger-gate volt-
age VF1. In good agreement with earlier work [9, 10], we
observe the lifting of the valley degeneracy due to non-
trivial valley-dependent orbital magnetic moments [37]
(see dashed lines in Fig. 4(a)), and a characteristic cross-
ing pattern at increasing magnetic fields. The D-field
dependent splitting of the first subband at B⊥ = 0 is
also clearly visible.
To reproduce most of this pattern – including the
splitting of the first subband – we extended the single-
particle model developed in Ref. [9, 38] to take into
account also the Zeeman term and the effects of SOC
but neglecting e-e interaction. In intrinsic graphene and
BLG the dominant SOC term is of Kane-Mele (KM)
type [20] and couples spin and valley degrees of freedom
to preserve time reversal symmetry. As for low ener-
gies the sublattice and the layer degree of freedom in
BLG become equivalent we write the SOC Hamiltonian
as HKM =
1
2 [(λlo−λup)σ0−(λlo+λup)σz]τzsz, where σ, τ
and s refer to the layer, valley and spin degree of free-
dom, respectively. Here, we assume that the proximity-
enhanced SOC coefficients λup,lo are expected to be dif-
ferent in the upper (up) and lower (lo) layer of BLG.
As in our device the subband spacing is almost hundred
times smaller than the band gap, the electronic modes are
all localized in one graphene layer (the upper one), with
only a small, D-field tunable admixture of the other one.
Therefore, we assume that with our model all the D-field
dependency can be attributed to λup(D) whereas λlo can
be kept constant. Our model does not include Rashba-
type SOC terms, as they do not contribute at small en-
ergies, i.e. at the K-points [19]. Using an electrostatic
simulation of the device to determine the local potential
in the BLG (see Supplemental Material), we find over-
all agreement between theory and experiment (compare
Figs. 4(a,b) with 4(c,d)), including the splittings of the
first subband both at zero and finite magnetic field (see
arrows in Fig. 4(b,d)).
To conclude, we have observed the crossings of spin-
split 1D subbands leading (i) to highly spin polarized
ballistic currents and (ii) to interaction-driven sponta-
neous spin splittings at the crossing points. The latter
is a halmark of the 0.7-analog structure opening an in-
teresting route for better understanding e-e interaction
effects in BLG quantum wires with a unique valley de-
gree of freedom. This becomes even more interesting as
at zero magnetic field the e-e interaction seems to be
in competition with (proximity tunable) SOC, possibly
leading to topologically non-trivial ground states.
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